Objective: Increased false memory recognition in patients with Huntington's disease (HD) has been widely reported; however, the underlying memory constructive processes remain unclear. The present study explored gist memory, item-specific memory, and monitoring ability in patients with HD. Method: Twenty-five patients (including 13 patients with mild HD and 12 patients with moderate-to-severe HD) and 30 healthy comparison participants (HC) were recruited. We used the Deese-Roediger-McDermott (DRM) paradigm to investigate participants' false recognition patterns, along with neuropsychological tests to assess general cognitive function. Results: Both mild and moderate-to-severe patients with HD showed significant executive functioning and episodic memory impairment. On the DRM tasks, both HD patient groups showed significantly impaired performance in tasks assessing unrelated false recognition and item-specific memory as compared to the HC group; moderate-to-severe patients performed more poorly than mild patients did. Only moderate-severe patients exhibited significantly poorer related false recognition index scores than HCs in the verbal DRM task; performance of HD patient groups was comparable to the HC group on the pictorial DRM task.
Introduction
False memory refers to remembering events that have not occurred or remembering factually discrepant information. False recognition, including incorrectly remembering unstudied items on a memory test, is a mild form of memory distortion. A widely accepted explanation for this phenomenon is that normal learning processes simultaneously form two memory representations: the verbatim trace and the gist trace (Reyna & Brainerd, 1995) . The verbatim trace (item-specific memory) is stimulus specifics, whereas the gist trace involves general meaning or shared semantic/perceptual features among stimuli. As the verbatim trace is forgotten, overreliance on the gist trace occurs, potentially engendering false recognition (Schacter, Curran, Galluccio, Milberg, & Bates, 1996) . Moreover, poor post-retrieval monitoring and verification may promote false recognition (Schacter, Norman, & Koutstaal, 1998) .
Brain imaging studies of healthy subjects indicate that medial temporal structures engage in gist and item-specific memory processes (Cabeza, Rao, Wagner, Mayer, & Schacter, 2001) , whereas the prefrontal cortex is associated with item-specific memory (Dennis, Kim, & Cabeza, 2008) and post-retrieval monitoring (Cabeza et al., 2001) . Studies assessing patients with brain damage suggest that medial temporal lobe lesions may generate item-specific and gist memory impairments. Therefore, patients show worse correct and false recognition rates than healthy comparison subjects (Schacter, Verfaellie, & Anes, 1997) . Moreover, patients with frontal-lobe lesions have higher false recognition rates for related and unrelated new items, possibly because of an overreliance on memory for general characteristics, with impaired memory for item-specific details (Parkin, Ward, Bindschaedler, Squires, & Powell, 1999) and poor monitoring ability (Schacter et al., 1996) . Based on substantial evidence that false recognition derives from specific psychological mechanisms and neuropathological conditions, the false memory recognition paradigm may be practical for assessing cognitive function in clinical settings.
Huntington's disease (HD) is an autosomal dominant neurodegenerative disease characterized by progressive motor, cognitive, and psychiatric symptoms. Frontal-striatal circuits are prominently affected in patients with HD (Alexander, DeLong, & Strick, 1986) . Early executive function and memory impairments are highly associated with HD frontal dysfunction (Ho et al., 2003; Lanto, Riege, Mazziotta, Pahl, & Phelps, 1990) . Memory impairments in HD are characterized by encoding and retrieval deficits, which both result from the inability to initiate systematic, efficient strategies for supporting encoding and retrieval processes (Massman, Delis, Butters, Levin, & Salmon, 1990) . These issues may be related to prefrontal cortex dysfunction or disruption of frontal subcortical circuits which connected prefrontal regions to the basal ganglia (Montoya et al., 2006) . This is distinct from memory storage or retention impairments in patients with Alzheimer's disease, whose medial temporal lobes are primarily affected.
Several studies have demonstrated that patients with HD produce significantly higher false alarm errors than their healthy counterparts, and this phenomenon may manifest across different disease stages and tasks (Lanto et al., 1990; Martone, Butters, & Trauner, 1986; Massman et al., 1990) . Lanto and colleagues (1990) analyzed recognition performance in individuals at high-risk for HD, revealing that while the high-risk sample had comparable hit rates to a healthy comparison sample, the former produced more false alarms and were prone to misidentifying distractors with similar attributes to the targets (e.g., house/home). Furthermore, this elevated false alarm rate was correlated with reduced frontal glucose utilization, suggesting that an inability to distinguish targets from distractors might be due to a lack of frontal integrity, which could be an early HD symptom. Massman and colleagues (1990) used verbal learning tests and found that patients with HD make more false alarms to distractor words that are semantically related to targets. Accordingly, false recognition for different types of distractors (related or unrelated to targets) may involve distinct neurobiological and psychological mechanisms. For example, if patients tend to make related false-recognition errors, which suggests preservation of "gist" representations of studied items with weak item-specific memory. This could also represent monitoring impairment resulting from an inability to efficiently verify distractors (Schacter et al., 1998) . Both possibilities would reflect frontal deficits but relatively intact medial temporal lobe functioning. Alternatively, if patients tend to make more unrelated false recognition errors, a monitoring deficit could be responsible, namely an inability to filter out irrelevant information. This would, in turn, reflect frontal lobe dysfunction (Schacter et al., 1996) . Memory deterioration is a major factor in HD functional disability (Caine, Hunt, Weingartner, & Ebert, 1978) . If gist memory is intact in HD, this suggests preserved medial temporal lobe functioning and potential clinical interventions for memory rehabilitation. One limitation of previous recognition memory studies using HD samples is that only total false recognition rates were assessed (Butters, Wolfe, Granholm, & Martone, 1986; Lang, Balan, & Reischies, 2000; Massman et al., 1990) . A dual-process model of memory construction has not been previously discussed.
Using the Deese-Roediger-McDermott (DRM) false memory paradigm (Roediger & McDermott, 1995) , which simultaneously assesses item-specific memory, and related and unrelated false recognition indices, we explored gist memory, verbatim memory, and monitoring ability in patients at various HD stages. Previous studies revealed that patients with HD have high false alarm rates for both verbal and pictorial recognition tests (Holdnack & Delis, 2004; Lang et al., 2000; Martone et al., 1986; Massman et al., 1990) ; thus, here we used verbal and pictorial DRM paradigm tasks.
Methods

Participants
The ethics committee of CGMH and the Department of Psychology at the National Taiwan University approved the study and informed consent was obtained from all participants or their legally authorized representatives. Thirty-three patients with HD were recruited from neurological outpatient clinics at Chang Gung Memorial Hospital (CGMH) and Taipei Veterans General Hospital. The patients were diagnosed HD on the basis of clinical presentation, family HD history, and genetic confirmation (Table 1) . Patients were assessed using the Unified Huntington's Disease Rating Scale (UHDRS; Huntington Study Group, 1996) . The inclusion criteria for patients with HD were the following: a neurological examination that revealed a UHDRS chorea motor score greater than 1 and a genetic test showing CAG repeat length in the exon 1 region of the HTT gene greater than 36. We excluded patients with any history of substance abuse, brain surgery, severe systemic disease, or severe psychiatric symptoms, or if such symptoms were present during recruitment. We also enrolled 30 age-matched and education-matched healthy comparison participants (HC) from the community, who had no history of neurological or psychiatric disorders, had Mini-Mental State Examination (MMSE; Folstein, Folstein, & McHugh, 1975) scores >24, and had normal scores on all UHDRS subscales.
Of the 33 patients, one was excluded owing to severe depression, and seven were excluded due to an inability to follow task instructions. Patients were categorized into mild HD (mHD) and moderate-severe HD (msHD) groups based on their Total Functional Capacity Scale (TFC) score (Shoulson & Fahn, 1979) and MMSE score. Patients with TFC scores between 10 and 13 and MMSE scores ≥24, were classified as patients with mHD (n = 13) with the remainder classified as patients with msHD (n = 12).
Neuropsychological Assessment
Neuropsychological tests were used to assess participants' cognitive functioning. The participants' executive function was assessed using Modified Card Sorting Test (MCST; Nelson, 1976), Stroop Color and Word Test (SCWT; Golden, 1978) , Semantic Association of Verbal Fluency (Hua, Chang, & Chen, 1997) , and Trail Making Test Part A & Part B (TMT-A & B; Reitan & Wolfson, 1993) . The Logical Memory (LM) and Visual Reproduction (VR) subtests of the Taiwanese version of the Wechsler Memory Scale-Third Edition (WMS-III) were used to assess memory function, including immediate and delayed recall and recognition (Hua et al., 2005) . Both immediate and delayed recall consisted of free recall and thematic recall scores. The Visual Form Discrimination Test (VFDT; Benton, Sivan, Hamsher, Varney, & Spreen, 1994 ) was selected to measure visual design recognition.
DRM Paradigm Memory Task
Material and design of the Verbal DRM task. For the study lists, 12 semantically related word lists were selected from the Chinese word association norms. Each list consisted of 12 words (e.g., mother, diaper, birth, milk powder, etc.), which were associated with a theme word (e.g., baby). The theme word as a critical lure word was not shown during the study phase of the experiment, and the 12-word list was presented during the study phase in order from the most highly associated word to the least associated word (see Fig. 1A for illustrations of the verbal DRM task). For counterbalancing purposes, the 12 lists were allocated into three sets of 4 lists, and every set had an equal probability of being studied or not. Two sets of lists (total 8 lists) were randomly assigned to each participant in the study phase, and the remaining, non-studied set (4 lists), was used in the recognition phase as distractors. In the recognition phase, we presented 36 words from the 12 lists to the subject, which consisted of 16 items from the studied lists (targets), 8 items from the unstudied lists (target distractors), 8 non-presented critical lure items from each of the studied lists (critical lures), and 4 critical lure items from each of the unstudied lists (lure distractors). These 36 words were divided into two groups and the words in the same group were displayed in a randomized sequence. We used a 12-in. LCD screen of a notebook computer for word presentation, with a 40-cm reading distance. During the study phase, all participants were instructed to read aloud and memorize the words displayed on the screen and were told that they would be tested on these words later. The words from the same list were displayed continuously with no break between different lists. After the subjects finished the learning phase, which took about 5 min, they received the SCWT as a filler task (retention phase), which took approximately 2 min. During the recognition phase, participants were instructed to answer "old" if they believed the word had been shown during the study phase; otherwise, to answer "new." The researcher assisted by pressing the corresponding button, to avoid interference due to motor disability of participants. The recognition phase took about 2 min.
We separately computed the proportion of the "old" response from participants to the targets, target distractors, critical lures, and lure distractors. To adjust for participants' response bias, we computed the corrected related false recognition index for each participant, which primarily represents gist memory of the DRM paradigm, by subtracting the proportion of "old" responses to lure distractors from the proportion of "old" responses to critical lures. We also calculated an item-specific memory index by subtracting the proportion of "old" responses to critical lures from the proportion of "old" responses to targets, which primarily represents item-specific memory of the DRM paradigm. We also generated an unrelated false recognition index for each participant by adding the proportion of "old" responses to target distractors and lure distractors together, which we defined as an index reflecting the monitoring function (Fig. 2) .
Material and design of the pictorial DRM task. The pictorial DRM task was modified from previously published methods (Budson et al., 2003) . The stimulus materials were colored photographs of single objects without a background. The pictures portrayed objects from 16 different categories, with each category comprising 15 different exemplars (for example, 15 different kinds of scissors for a scissor category). The 16 categories were randomly assigned to four sets of 4 categories each, and each set had an equal probability of serving as a large, small, or unstudied/novel category. During the study phase, for a large category, 12 items of this category were presented; for a small category, only 3 items of this category were presented. The remaining, non-presented items, of each studied category were reserved as "new, but related" lure items for the recognition phase (Fig. 1B) . To prevent primacy and recency effects, we also selected six different pictures of single objects as buffers, which were unrelated to the 16 categories in our DRM design. Three of the buffers were presented consistently in the beginning and the other three at the end of each study trial. Therefore, 66 items were presented in a randomized sequence during the study phase, comprising items from 4 large categories (48 items), 4 small categories (12 items), 3 primacy buffers, and 3 recency buffers. In the recognition phase, 40 items were presented, which consisted of 2 target items and 2 critical lure items from each of the large and small categories (32 items), and 2 items from 4 unstudied/novel categories (8 items).
During the study phase, all subjects were instructed to watch the pictures displayed on the screen and were told that they would be tested on these pictures later. After subjects finished the learning phase, they received the VFDT (retention phase). During the recognition phase, subjects were instructed to answer "old" if they believed a given picture had been shown during the learning phase, and to answer "new" otherwise; the researcher assisted by pressing the corresponding button, to avoid interference due to any motor disability.
We separately computed the proportion of the "old" response from participants to the studied items (targets) and unstudied items (critical lures) of both large and small categories, and unstudied items (target distractors) of non-presented novel categories. To adjust for participants' response bias, we computed the corrected related false recognition index for both large and small categories, which primarily represents gist memory of the DRM paradigm, by subtracting the proportion of "old" responses to target distractors from the proportion of "old" responses to critical lures for each subject. We also calculated an item-specific memory index for both large and small categories, which primarily represented item-specific memory of the DRM paradigm, by subtracting the proportion of "old" responses to critical lures from the proportion of "old" responses to targets, and defined the proportion of "old" responses to target distractors as the unrelated false recognition index for each subject, which reflected the monitoring function (Fig. 2) .
Statistical Analyses
A chi-square test was used to examine group differences in gender distributions between patient and healthy comparison samples. For normally distributed data, one-way analyses of variance (ANOVA) were used. For data with heterogeneous variances, we used Kruskal-Wallis tests and Conover tests with Bonferroni adjustment for post-hoc comparison. Two-way ANOVAs explored interactions involving group across category size for related false recognition and item-specific memory index scores on the pictorial DRM, and Tukey's tests with Bonferroni adjustment for post-hoc comparison. Significance level was set at p < .05 for the ANOVAs and for the Kruskal-Wallis tests, and was set at p < .017 for post-hoc analysis with Bonferroni adjustment. For both DRM paradigms, we also calculated the effect sizes by using Pearson correlation coefficients for Kruskal-Wallis tests and eta squared for two-way ANOVAs. Conover tests were performed manually; otherwise SPSS version 16.0 for Windows was used (SPSS Inc., Chicago, IL). a Denotes that we separately computed the scores of large and small categories in the pictorial DRM task.
Results
Demographic and Clinical Characteristics
Patients were well matched with the HC group (Table 1) . After Bonferroni adjustment (α = .017), HD groups had poorer MMSE, motor, independence, and TFC UHDRS performance than the HC group (p < .001 for all). The msHD group performed worse on these measures than the mHD group (p < .001 for all).
Neuropsychological Functioning
As expected, HD groups had significantly lower scores on all LM tests and executive function tests than the HC group (p < .001), and msHD group had worse SCWT color-word scores (SCWT-CW) than those of the mild group (p < .01; for details, see Supplementary material online, Table 1 ).
Verbal DRM Task
A Kruskal-Wallis test revealed a significant group difference in related false recognition index scores (p = .005; Table 2 ). Post hoc analyses with Bonferroni adjustment (α = .017) indicated that the msHD group had significantly worse gist memory performance than the HC group (p < .01). Additionally, unrelated false recognition index scores differed between groups (p = .003). The mHD group's monitoring performance was remarkably poorer than that of the HC group (p < .001). Regarding the item-specific memory index scores, there were no significant differences between the three groups (p = .065). 
Pictorial DRM Task
A two-way ANOVA of the related false recognition index demonstrated no Group × Category Size interaction (p = .17; η 2 = .03) and no Group (p = .15; η 2 = .07) effect; however, there was a significant Category Size effect (p < .001; η 2 = .51). Post hoc analyses with Bonferroni adjustment (α = .017) revealed that all groups had better gist memory performance for the large than the small category (p < .001 for all; Table 2 and Fig. 3A) . Regarding the item-specific memory index, a significant Group × Category Size interaction effect (p = .02; η 2 = .13) emerged, along with significant Group (p < .001; η 2 = .38) and Category Size effects (p = .04; η 2 = .07; Fig. 3B ). Post hoc analyses with Bonferroni adjustment (α = .006) revealed that the HC group had significantly better item-specific memory performance for both large and small categories compared with the msHD (large: p = .003, small: p < .001) group, and only performed significantly better than mHD for the large category (large: p = .002, small: p = .014). The mHD group did not perform better than the msHD group for both large and small categories (large: p = 1.0, small: p = .009). Additionally, the HC group had significantly better item-specific memory performance for small versus large categories (p = .002). However, the mHD and msHD groups did not show this effect (mHD: p = .019; msHD: p = .237). A Kruskal-Wallis test revealed a significant group difference for unrelated false recognition index scores (p < .001); the msHD group had the worst monitoring performance (post hoc tests with Bonferroni adjustment, HC: p < .001; mHD: p < .001).
Discussion
We observed impaired gist memory performance in our msHD group on the verbal DRM task, with relatively preserved gist memory in the mild group. However, for the pictorial DRM task, both HD groups had false recognition indices that were comparable to the HC group, indicating that patients with msHD have preserved formation and retention of gist memories in certain circumstances. These divergent results could be explained by the model of Moscovitch (1992) , who argued that the frontal lobes are central structures that "work with memory" and are critical for selecting and implementing encoding strategies that organize input into hippocampal regions for retention. Furthermore, functional MRI indicates that successful memory formation requires prefrontal regions to support the generation of associations between studied items and hippocampal structures to bind these associations; prefrontal activation is maximized when studied word triads have low associations that require high generative load during encoding (Addis & McAndrew, 2006) . Patients with moderate-severe HD have remarkable frontal dysfunction, potentially hindering the ability to organize and elaborate incoming information; thus, medial temporal structures cannot efficiently form memory representations. Moreover, the materials of our pictorial DRM task were well organized (categorized and perceptually related), engendering low frontal generative load compared to the convergent semantically associated lists used in the verbal DRM task. This might compensate for impaired strategic encoding processes, fostering improved gist memory performance for pictures. Previous false recognition studies assessing patients with medial temporal lobe lesions (e.g., due to Alzheimer's disease, anoxia, and encephalitis) have revealed difficulties with developing gist memory during any DRM task (Budson et al., 2003; Schacter et al., 1997) . Accordingly, our results suggest that medial temporal lobe functioning is relatively preserved compared with frontal-related structures during early-stage HD; however, this functioning declines as HD progresses.
Regarding the unrelated false recognition index, the mHD group produced more errors than the HC group on the verbal DRM task, but not the pictorial DRM task. The distinctiveness heuristic mechanism of Schacter, Israel, and Racine (1999) might explain these conflicting results for the mHD group on the two tasks. In this mechanism, participants use their metamemorial awareness to make recollection judgments of pictures, but not words. If a test item had been given previously, individuals would recollect some distinctive details about that item, which facilitates positive recognition and suppresses false recognition. Presenting pictures may assist patients with mHD to adopt a distinctiveness heuristic to discriminate unrelated items, thus suppressing unrelated false recognition during a pictorial DRM task. Since distinctiveness heuristic processing is involved in monitoring functions, patients with mHD might still be able to engage these processes. Although the msHD group displayed a trend toward more false alarms than the HC group during the verbal DRM task, they made significantly more errors during the pictorial task. Thus, severe monitoring and executive function deficits in msHD restrict usage of an item's distinctive details and preserved gist representations of pictorial categories assist in correct recognition decisions.
Regarding the item-specific memory index, although group differences did not reach statistical significance for the verbal DRM task (patient group scores approximated 0), both HD groups showed diminished item-specific memory performance for pictures. These discrepant results may have emerged for two reasons. First, our small sample size may have provided insufficient power to detect small effects on the verbal DRM task. Second, the amount of item-specific information differed between paradigms. The stimuli of the pictorial DRM task were highly specific, detailed, colored photographs, which provided more item-specific information than the word lists of the verbal DRM task. Our HC participants may have taken advantage of the pictorial information to improve item-specific memory performance, producing larger group differences for the pictorial task. Nonetheless, we also found a trend toward better item-specific memory for the small versus large category size in patients with mHD, and their small-size item-specific memory was rather better than that of patients with msHD, although these group differences failed to attain statistical significance after Bonferroni correction. Because only 3 items from the small category were presented during the study phase of the pictorial DRM task, compared with the 12 items presented from the large category, the total item-specific information load in the same category was low, and the formation of gist representation was weak relative to the large category. The aforementioned rather better monitoring function in patients with mHD might have enabled them to differentiate targets from critical lures more successfully, thus explaining the trend toward better item-specific memory performance for the small category size than in the msHD group. Overall, item-specific memory and monitoring functioning were significantly impaired in patients with HD, and these impairments were worse in moderate-severe HD. This suggests that frontal dysfunction is an early sign of HD, which progresses during the disease course, consistent with previous brain pathology results and neuropsychological assessments of HD.
Neuropsychological test performance for the HD groups further supported the DRM findings. Regarding monitoring function, color-word scores from the SCWT could reflect an individual's ability to monitor and inhibit responses to distracting information. Perseverative errors on the MCST reflect the individual's self-modification flexibility based on feedback from previous actions, which represents the ability to solve problems through monitoring and inhibition. Both tests could reflect frontal lobe functioning. Both HD groups had significant impairments on both tests, and patients with msHD had worse performance on the SCWT-CW than the mHD group. These findings are consistent with the discrepant monitoring impairment observed on the DRM tasks. Regarding item-specific memory, the immediate and delayed free recall tasks, and delayed recognition task from the LM, assessed memorization of detailed story information. This is similar to the item-specific memory concept that is relevant to our DRM paradigms. Both patient groups exhibited poor performance on all LM free recall and recognition tests (which demand less retrieval effort than recall), which suggests that item-specific memory impairment in HD might be due to more than retrieval deficits. Since encoding item-specific information involves frontal controlled/effortful processing, poor performance on the LM free recall and recognition tests by HD groups might also reflect item-specific encoding impairment. This is consistent with the item-specific memory impairment on DRM tasks for both HD groups. Regarding gist memory, the theme recall component of the LM examines one's ability to memorize a story's theme (Hua et al., 2005) , which is similar to the gist memory concept of a DRM paradigm. However, both msHD and mHD groups had impaired immediate and delayed theme recall performance on the LM. This is inconsistent with the mHD group having relatively normal gist memory performance on the DRM tasks. This discrepancy might be due to the free recall testing method of the LM, because recall involved active and complex search processes (Brown & Craik, 2000) , which had been evidenced significantly impaired in HD compared with their recognition memory performance Butters, Wolfe, Martone, Granholm, & Cermak, 1985) . Accordingly, the DRM task may be suitable for developing as a standard recognition memory test for assessing gist memory function, which is currently lacking in formal neuropsychological assessments.
Our study had two main limitations. First, the patient group sample was relatively small, which reduced our statistical power. Studies using larger patient samples are required to confirm our findings. Second, we used DRM task and neuropsychological test performances to infer neurological impairments in HD. Future studies should include structural and functional neuroimaging to more fully probe these relationships.
Conclusions
This study shows that different patterns of false recognition in HD may derive from early deterioration of verbatim memory and monitoring functions, with relatively preserved gist memory functioning. Since some patients with early-stage HD perform daily activities by themselves, we suggest including item-specific memory and monitoring assessments to alert possible difficulties in daily life. Additionally, gist-oriented cognitive rehabilitation intervention should be provided for patients with HD to improve daily functioning. For instance, this could include using gist memory strength to develop internal memory strategies (e.g., making associations and visual imagery), and applying external memory aids to remind the individual of the specific details of real-life tasks.
